Membrane contact sites are recognized across eukaryotic systems as important nanostructures. Endoplasmic reticulum (ER)-plasma membrane (PM) contact sites (EPCS) are involved in excitation-contraction coupling, signaling, and plant responses to stress. In this report, we perform a multiscale structural analysis of Arabidopsis EPCS that combines live cell imaging, quantitative transmission electron microscopy (TEM) and electron tomography over a developmental gradient. To place EPCS in the context of the entire cortical ER, we examined green fluorescent protein (GFP)-HDEL in living cells over a developmental gradient, then Synaptotagmin1 (SYT1)-GFP was used as a specific marker of EPCS. In all tissues examined, young, rapidly elongating cells showed lamellar cortical ER and higher density of SYT1-GFP puncta, while in mature cells the cortical ER network was tubular, highly dynamic and had fewer SYT1-labeled puncta. The higher density of EPCS in young cells was verified by quantitative TEM of cryo-fixed tissues. For all cell types, the size of each EPCS had a consistent range in length along the PM from 50 to 300 nm, with microtubules and ribosomes excluded from the EPCS. The structural characterization of EPCS in different plant tissues, and the correlation of EPCS densities over developmental gradients illustrate how ER-PM communication evolves in response to cellular expansion.
Introduction
In all eukaryotes, endoplamic reticulum (ER)-plasma membrane (PM) contact sites (EPCS) are regions of the cell cortex where the two bilayers are tethered in very close contact ( 15 nm) without fusing. These nanostructures are stabilized by protein tethers that bring the two membranes so close together that enzymes are able to act in trans, e.g. an ER-localized lipid-modifying enzyme can act on PM-localized phosphoinositide lipids (Stefan et al. 2011) . In yeast and mammals, EPCS allow short-range, targeted exchange of signals/small molecules, such as calcium ions and lipids (reviewed by Phillips and Voeltz 2015) . In plants, membrane fractions enriched in EPCS have increased lipid biosynthesis and remodeling capacity, compared with either bulk ER membranes or isolated PM (Larsson et al. 2007) .
The presence of ER and PM membranes in close proximity, without fusion, has been well documented in plant cells for decades (reviewed by Hepler et al. 1990 , Staehelin 1997 . Livecell imaging demonstrated persistent puncta of cortical ER at the PM, comprising 5% of the total cortical ER with a puncta size range of 0.1-0.3 mm (Sparkes et al. 2009 ). The identification of plant EPCS components, such as vesicle-associated membrane protein (VAMP)-associated protein 27 (VAP27), VAPRelated Suppressor of TMM (VST), Networked 3C (NET3C) and Synaptotagmin1 (SYT1), as well as their localization with both confocal and electron microscopy have supported the interpretation that these stable nodes represent EPCS (Wang et al. 2014 , Pérez-Sancho et al. 2015 , Ho et al. 2016 , Siao et al. 2016 ). In addition, phenotypes of plant lines with loss of function or overexpression of EPCS components highlight key roles for EPCS in plant responses to abiotic stresses, trichoblast and seed development, as well as in control of cell to cell communication and viral movement at plasmodesmata (Schapire et al. 2008 , Yamazaki et al. 2008 , Levy et al. 2015 , Pérez-Sancho et al. 2015 , Ho et al. 2016 . Despite mounting evidence of the important functions of plant EPCS, our understanding of their three-dimensional structure at the nano-scale is incomplete.
In this work, we analyzed the morphology and occurrence of EPCS across developmental gradients in the model plant Arabidopsis thaliana using live-cell imaging of the EPCS tether SYT1 (Pérez-Sancho et al. 2015) and quantitative transmission electron microscopy (TEM). For the TEM work, we took a conservative definition of an EPCS based on the view that the ER should be close enough to the PM for proteins to span the gap between them. In Saccharomyces cerevisiae, 15-20 nm appears to be the distance across which proteins in EPCS can interact or function in sterol traffic (Gatta et al. 2015) . Thus, we adopted the definition of EPCS as regions where the ER and PM lie parallel with 15-20 nm intermembrane space, providing a nano-scale measure of the proportion of PM that is participating in EPCS. The analysis was done in multiple organs and, in all cases, young growing cells had a largely static lamellar cortical ER with high EPCS density, while mature cells had a more dynamic tubular ER with lower EPCS density. Remarkably, the size of individual EPCS in different cell types was consistent across all developmental states and organs.
Results

Cortical ER morphology and behavior changes throughout plant development
To map the spatial and temporal distribution of cortical ER, which could be participating in EPCS, a variety of young and mature Arabidopsis tissues were imaged with the ER lumen marker green fluorescent protein (GFP)-HDEL ( Fig. 1) and the ER membrane marker, GFP-KKXX ( Supplementary Fig. S1 ). Since lipid traffic and/or remodeling are hypothesized EPCS functions in plants (Staehelin and Chapman 1987 , Larsson et al. 2007 , Samuels and McFarlane 2012 , Pérez-Sancho et al. 2016 , we compared epidermal cells in organs with both a gradient of elongation (young, rapidly elongating protoderm cells vs. nonelongating mature epidermal cells) and a gradient of lipid secretion activities (root cells that do not produce abundant cuticle, hypocotyls secreting an intermediate amount of lipids and stem epidermal cells that produce a large amount of cuticular lipids). The analysis of the gradient of development shows that in young elongating roots, hypocotyls and stems, GFP-HDEL consistently labeled a dense, lamellar cortical ER ( Fig. 1A ; Supplementary Movie S1). In contrast, in mature roots, hypocotyls and stems, GFP-HDEL labeled a highly dynamic and reticulated cortical ER ( Fig. 1A ; Supplementary Movie S2). This trend of 'extensive perforated sheets' of cortical ER in young root cells and an 'open reticulate form' following elongation was noted in one of the first studies employing GFP-HDEL in roots (Ridge et al. 1999) , and here it was consistent across all three tissue types. Neither young nor mature stem epidermal cells exhibited dilations of the ER known as ER fusiform bodies, which were abundant in roots, hypocotyls ( Fig. 1 ; Ridge et al. 1999 ) and leaves (Hawes et al. 2001) .
Cortical ER density was quantified by measuring average fluorescence intensity in the cell cortex on the outer periclinal cell surface. Epidermal cells in each organ had a significantly higher density of cortical ER in young, rapidly elongating cells, relative to mature cells (P < 0.0001 for young vs. mature ER density for all organs; n > 75 measurements from > 25 plants; t-test; Fig. 1B ). There was no significant difference between cortical ER densities of young, rapidly elongating roots (low lipid secretion) and stems (high lipid secretion) (P = 0.0161; t-test; Fig. 1B ). These data indicate that a dense cortical ER network is correlated with cells undergoing rapid elongation, but not with cuticular lipid secretion.
As young cells have active cell wall deposition in which abundant cortical microtubules play a key role, the cortical ER pattern in young cells was imaged with microtubules using the red fluorescent protein (RFP)-TuB6 marker (Ambrose et al. 2011) . The cortical microtubules and lamellar ER covered most of the plasma membrane, but there was no correlation between ER and microtubules ( Supplementary  Fig. S2 ). The lamellar cortical ER covered a substantial proportion of the surface area of the expanding cells, yet these cells are elongating and secreting new cell wall material. As cell wall deposition requires active secretion and endocytosis to and from the PM, we visualized endocytic vesicle traffic in GFP-HDEL lines labeled with FM4-64. Incubation of these cells in FM4-64 for > 5 min allowed internalization of the dye into the endocytic pathway and showed that the perforations in the lamellar cortical ER network contained elements of the endocytic pathway ( Supplementary Fig. S2 ). Placing the cortical ER in the larger context of organelles involved in cell wall deposition illustrates the close spatial relationship of microtubules, vesicles and ER in the cortex during cell elongation, and it provides a useful comparison with electron tomography data discussed below.
Young cells have higher density of SYT1-GFPlabeled EPCS than mature cells
To quantify EPCS density precisely, we used a well-characterized EPCS tether, Arabidopsis SYT1, as SYT1-GFP stably transformed in Arabidopsis and driven by its native promoter localizes to both ER and bright cortical puncta representing EPCS (Pérez-Sancho et al. 2015) . Consistent with the GFP-HDEL labeling, SYT1-GFP marked lamellar cortical ER structures in young cells and net-like reticulate structures in mature cells ( Fig. 2A) , and the density of cortical ER marked by SYT1-GFP was significantly higher in young cells than in mature cells (P < 0.0001 for young vs. mature ER density for all organs; n > 20 measurements from > 8 plants; t-test; Supplementary Fig. S3 ). Comparing SYT1-labeled foci across developmental states, young root and hypocotyl cells had significantly more EPCS per area than mature cells of the same tissues (P < 0.005 for young vs. mature ER density for roots and hypocotyls; n > 20 measurements from > 8 plants; t-test; Fig. 2B ; Supplementary Fig S3) . No significant difference in the foci/mm -2 between cells in young and mature stems was detected.
EPCS abundance correlates with cell elongation.
To investigate EPCS in different cell types at higher resolution, stems and roots were high pressure frozen, freeze substituted and examined by TEM. EPCS (Fig. 3A, arrows) were defined as regions where ribosomes were excluded from the ER membrane and the distance between the ER membrane and the inner leaflet of the PM bilayer was 15 nm. EPCS occurrence was measured as the proportion of PM that was participating in EPCS, relative to the total surface area of the PM.
Consistent with confocal microscopy, a significantly higher proportion of the PM (9.5 ± 0.7% SE, n = 39) was occupied by EPCS in young, rapidly elongating cells, compared with mature cells (5.2 ± 0.3% SE, n = 59) of the same tissue in both roots and stems [P > 0.01, n > 400 measurements in > 20 cells per tissue; analysis of variance (ANOVA); Fig. 3B ]. While the proportion of the PM covered by EPCS was greater in younger cells than in mature cells, the sizes of EPCS (lengths of parallel membranes along the PM) were consistent across developmental stages and organs (Fig. 3C) . The average EPCS in epidermal cells extended along the PM for 160 ± 3 nm SE (n = 2058 contact sites from all tissues). The longest observed EPCS was 943 nm, while the shortest was 24 nm, though most fell within the range of 50-350 nm (Fig. 3C) . These results indicate that EPCS abundance, but not size, changes over development, and that EPCS are most abundant during cell elongation.
3D structure of the plant cortical ER reveals many interconnected tubules and few sheets
In order to examine the three-dimensional architecture of EPCS, electron tomography was employed. Dual axis tomograms were collected of the cortical cytoplasm from young, rapidly elongating root epidermal cells, which were previously demonstrated to have lamellar ER in live cell imaging (Figs. 1A, 2A; Supplementary Fig. S2 ). Visualization and modeling of reconstructed tomograms revealed the complex and highly variable structure of the cortical ER ( Fig. 4 ; Supplementary Movies S3-S5). Similar to EPCS in yeast (West et al. 2011) , the cortical ER moved in and out of close contact with the PM over a wide area, though individual contact sites were relatively small ($50-350 nm), which is consistent with the measurements taken in TEM (Fig. 3C) . Examining the tomographic model from different views (Fig. 4b, c) , it is clear that ribosomes are excluded from the ER surface at EPCS. Vesicles in the cell cortex were found interspersed with EPCS, consistent with the FM4-64 data. Thus the lamellar ER seen in the live-cell imaging includes complex ER substructure at the nano-scale, which would all be contained within one optical section when visualized by light microscopy.
Discussion
These multiscale analyses showed that EPCS were more abundant at the cell cortex of young plant cells than in mature cells, while the size of the EPCS was consistent over development. This conclusion is based on the significant changes in ER morphology marked by GFP-HDEL, EPCS density marked by SYT1-GFP puncta across developmental states and quantitative TEM analysis of young and mature cells. Our finding that EPCS are more prevalent across several different types of young, rapidly expanding tissues implicates plant EPCS in processes related to cell expansion.
The higher density of EPCS in elongating plant cells is consistent with the hypothesis that these structures could play a role in lipid recycling (Staehelin and Chapman 1987, Larsson et al. 2007 ), although further direct experimental testing is required. Plant cells secrete large amounts of polysaccharides during cell wall deposition, thus vesicle-mediated secretion plays a key role in plant growth. However, if most of the lipids that are added to the PM by vesicle fusion were not recycled, the rate of PM expansion would be vastly greater than the rate of cell wall growth (Staehelin and Chapman 1987) . Thus, in order to match PM with cell wall growth, lipids must be rapidly recycled. While some of this recycling will occur by clathrin-coated endocytosis (Gadeyne et al. 2014) , it is unclear whether the rate of endocytosis is sufficient to recycle all of the lipids that are added to the PM during cell wall secretion. In this context, additional non-vesicular recycling mechanisms, such as EPCS-mediated lipid transfer might be required. This is especially relevant in rapidly elongating cell types, which may need to recycle up to 90% of the vesicle membrane that fuses with the PM (Ketelaar et al. 2008) . It is possible that this lipid recycling entails transfer and/or lipid remodeling, as phospholipid acyltransferase activity was demonstrated in membrane fractions enriched in EPCS (Larsson et al. 2007 ).
Interestingly, a putative role for EPCS in lipid remodeling would also be consistent with the phenotypes observed in the syt1 loss-of-function mutant (Schapire et al. 2008 , Yamazaki et al. 2008 , Lewis and Lazarowitz 2010 , Levy et al. 2015 , Pérez-Sancho et al. 2015 . The stress-sensitive phenotypes could reflect a role for EPCS in modulating stress responses via direct lipid transfer or through the regulation of signaling lipids. SYT1 mutants have increased viral movement (Levy et al. 2015) , which could reflect loss of control of the differential lipid composition observed in plasmodesmata (Grison et al. 2015 .
TEM and electron tomography defined the fine-scale EPCS dimensions, with most in the range of 50-350 nm. Given that the average EPCS size is 160 nm, the majority of EPCS are below the 200-250 nm diffraction-limited resolution imposed by conventional optical microscopy in the x-y dimension. Quantitative analysis of TEM showed that across all cell types 5-10% of the PM is associated with the ER in mature and young cells, respectively. Assuming that each EPCS is a circular disk of 0.0314 mm 2 (0.2 mm diameter puncta), then 8% of PM associated with ER would be equivalent to 2.54 EPCS mm -2 density that compares well with the 2-3 EPCS/mm -2 obtained by SYT1-GFP puncta quantification using live-cell imaging.
Most investigations of EPCS in plants have studied mature cells where the cortical ER is a network of tubules. However, given the finding that the young cells have a higher density of EPCS, the structure of EPCS in the context of the perforated sheet-like morphology of the ER in young cells is also interesting. In these cells, vesicle traffic to and from the PM must occur around the complex ER tubules and EPCS seen in electron tomography. For Arabidopsis root and stem epidermal cells, 5-10% of the PM was in close contact with the ER, depending on the developmental stage (Fig. 3B) . In yeast, nano-scale structure of EPCS was documented with electron tomography of entire yeast cells at various stages of budding, showing 20-40% of the PM closely associated with cortical ER and a mean distance between cortical ER and PM of 33 nm (range 16-59 nm) (West et al. 2011 ). This discrepancy is likely to be due to the relatively strict definition of EPCS employed here and the broader definition employed in other studies ( 30 nm or less between the ER and the PM in Pichler et al. 2001 ; up to 65 nm, with a mean of 33 nm in West et al. 2011) . If our strict definition is applied to the yeast data of West et al. (2011) , then EPCS of 20 nm represent about 10% of all cortical ER that they measured, and this would correspond to <5% of the PM occupied with EPCS (West et al. 2011 ). Alternatively, it is possible that this difference in the frequency of EPCS may be due to a fundamental difference between multicellular plants and unicellular yeast.
EPCS are prominent features of eukaryotic cells and have been described in all species and cell types examined (Hepler et al. 1990 , Staehelin, 1997 . This comprehensive, multiscale analysis of EPCS in different plant tissues and developmental stages points to potential functions of EPCS in young expanding cells. Since the ER occupies 5-10% of the PM, depending on the developmental stage, this suggests that EPCS are center stage in the nano-scale environment where extracellular/cell-cell communication, cytoskeleton anchoring, cell wall synthesis, and exocytic and endocytic vesicle trafficking are all at play.
Materials and Methods
Plant material
Arabidopsis thaliana seeds were sown on AT medium plates and grown at 21 C, 70-80% humidity, constant light ($100 E m -2 s -1 ) in an environmental growth chamber (Conviron). After 7-14 d, seedlings were transferred to Sunshine mix 5 soil (Sun Gro Horticulture Canada Ltd.) and returned to the same growth conditions. Dark-grown hypocotyls were treated with white light for 4 h, 
Confocal microscopy
Root, hypocotyl or stem segments were mounted in water and immediately viewed under a Leica DMI6000 inverted microscope equipped with a PerkinElmer UltraView VoX spinning-disk system and an Hamamatsu 9100-02 CCD camera. GFP was detected using a 488 nm laser and 525/36 nm emission filter. FM4-64 [Invitrogen; diluted 1/1,000 in water from a 10 mM stock in dimethylsulfoxide (DMSO)] was detected with a 514 nm laser and 650/75 nm emission filter. Because ER geometry is difficult to quantify (Bouchekhima et al. 2009 ), cortical ER density was quantified by measuring the normalized fluorescent intensity (i.e. gray level, from 0 to 255) in randomly selected regions of interest in the focal plane just below the PM. One region of interest was sampled per cell for three cells per seedling; at least 25 seedlings were sampled for each developmental stage. Images were processed using Fiji.
For SYT1-GFP, all images were captured using a Nikon Eclipse C1 confocal scanning laser microscope with 488 nm laser and 515/30 nm emission filter and Nikon Plan Apochromat oil immersion objectives (Â40, 1.0 NA and Â60, 1.4 NA). SYT1-GFP cortical ER density was measured as described for GFP-HDEL above. To quantify the number of bright SYT1 puncta per micron squared of cell cortex, the brightest 2% of pixels were separated by thresholding and objects were counted using the 'analyze particles' feature of Fiji with no cutoffs for shape or size.
High-pressure freezing, transmission electron microscopy and electron tomography High-pressure freezing, freeze substitution, resin embedding, sectioning and TEM were performed as described (McFarlane et al. 2008) . ER and PM measurements were made in Fiji, and box plots were generated using BoxPlotR (Spitzer et al. 2014) . For tomography, thick sections (200-300 nm) were placed on formvar-coated copper-rhodium slot grids, post-stained, and coated with 15 nm colloidal gold (Ted Pella) as a fiducial marker. Dual axis tomograms were collected using an FEI Tecnai G2 20 TWIN LaB6 at an accelerating voltage of 200 kV and equipped with an FEI Eagle 4K CCD camera. FEI's Explore3D automated tomography acquisition package generated the tomograms using a tilt range of +65 to -65 with 2 tilt steps per image from +20
to -20 and 1 per image thereafter. Tomograms were reconstructed with Inspect 3D software (FEI) using 12 iterations of the Simultaneous Iterative Reconstruction Technique (SIRT), and dual axis tomograms were merged with Amira 3D Software for FEI Systems (FEI) using Lanczos interpolation. Models were generated in Amira; PM and ribosomes were identified by graylevel thresholding, while other structures were manually assigned by segmentation analysis (Donohoe et al. 2006) .
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